We assessed the association between the duration of diarrhoea and the risk ofpneumonia incidence among children <5 years of age.
Introduction
Pneumonia and diarrhoea are the leading causes of deaths in children <5 years of age in low-income settings. 1 Prevention and management of these infectious diseases are key public health priorities to reduce childhood mortality. Co-morbidity of these diseases may increase the number of child deaths due to shared risk factors such as malnutrition. 2, 3 Diarrhoeal illness and malnutrition have both been identified as separate risk factors for pneumonia in children <5 years of age. 4 A study conducted in both Ghana and Brazil found that children <5 years of age who had recent diarrhoeal illness were at a higher risk for subsequent acute respiratory illnesses in Ghana, but not Brazil. 5 If the association identified in Ghana is present in other locations of high child mortality, then diarrhoea prevention may be a useful strategy to prevent childhood respiratory diseases.
Hand washing with soap can reduce the incidence of both diarrhoea and acute respiratory illnesses in children<5. [6] [7] [8] We analysed data from a randomized controlled trial in Karachi, Pakistan, that demonstrated a reduction of childhood diarrhoea and pneumonia through hand washing. We used dynamic time-to-event analyses similar to those used by Schmidt et al. to explore if children <5 were at an increased risk of pneumonia following a diarrhoeal episode. 5 We also explored the effect of different levels of hand hygiene on the diarrhoea-associated risk of pneumonia.
Materials and Methods
Primary study site and data collection We used secondary data from a randomized control trial (RCT), the Karachi Soap Health study, that has been described previously. 9 Briefly, the RCT was conducted in 2003, in multi-ethnic squatter settlements in Karachi, with three arms: 300 households with hand-washing promotion with antibacterial soap, 300 households with promotion with plain soap and 306 households as the control group. Eligible households had at least two children younger than 15 years. Fieldworkers visited each household weekly over a 12-month period from April 2002 to April 2003. They asked the primary caregiver whether the child had symptoms of cough, difficulty breathing or 53 loose stools within 24 hours, during the previous week and if so, for how many days. Fieldworkers counted the number of breaths per 60 s for children with a cough or difficulty breathing. They weighed the children at baseline and every 4 months using a Salter scale for children <3 years of age and a bathroom scale for older children.
Operational definitions
The study used the WHO clinical case definition which defines pneumonia as cough or difficulty breathing with a raised respiratory rate (460 per min in children younger than 60 days, 450 per min for those aged 60-364 days, and 440 per min for those aged 1-5 years). 10 We defined diarrhoea as the occurrence of 53 loose stools over 24 hours. The weight-for-age Z-scores for a child was calculated consistently with the original Karachi Soap Health study analysis, according to the 2003 National Centre for Health Statistics standards. We defined the index week as the week of pneumonia onset. Prior to the index week we identified both a 2-week and a 4-week period. We defined longitudinal prevalence of diarrhoea as the number of days with diarrhoea for a child during the 2-or 4-week time period before the index week. We calculated diarrhoea and pneumonia incidence by week. In the incidence calculation we used the total person-years of observation as the denominator.
Children who did not have the specific syndrome in the preceding week, but developed the syndrome (diarrhoea or pneumonia), were regarded as having a new episode. Thus children with symptoms of diarrhoea or pneumonia at the first visit were not included for incidence calculation of diarrhoea or pneumonia. We defined the proportion of time ill due to diarrhoea or pneumonia as the sum of the number of days in the weeks reported ill over the total follow-up period.
Statistical analysis
We used a dynamic time-to-event analysis using the Prentice-Williams-Peterson Gap Time (PWP-GT) model, to describe the risk of pneumonia associated with longitudinal prevalence of diarrhoea in the previous 2-and 4-week window of pneumonia onset. 11 The PWP-GT model accounts for recurrent events by placing a person who has experienced N pneumonia episodes into the risk set for the N þ 1st episode. For example, after a child's first pneumonia episode, he or she is placed in the risk set for a second pneumonia episode. The failure time in the new stratum is the time between the first pneumonia episode and the second. The PWP-GT model estimates a common hazard ratio for all strata, but allows a different baseline hazard in each stratum. Schmidt et al. used the Prentice-Williams-Peterson total time approach (PWP-CP) that compares children with the same number of previous acute lower respiratory infection (ALRI) episodes on the same calendar date. On the contrary, PWP-GT compares children with the same number of pneumonia episodes and the same amount of time since their previous pneumonia episode or from the beginning of observation if there were no previous diarrhoeal episodes. [12] [13] [14] [15] [16] We used backward elimination (P < 0.2)to select explanatory variables in the model. We included household income, father's education, whether the mother could read the newspaper, and the soap groups included in the RCT to account for potential confounding effect. We included the soap groups because provision of soap and hand-washing promotion lowered the risk of both illnesses. 6 We used robust variance estimates to adjust for clustering at the child level. We used two models for our analyses: the first model estimated the hazard ratio of pneumonia on additional days of diarrhoea exposure in the previous 2-or 4-week window; the second model treated the number of diarrhoeal days as a categorical variable to estimate the hazard ratio of pneumonia of each child with a given number of diarrhoeal days compared with those without diarrhoea in the previous 2 or 4 DIARRHOEA AND PNEUMONIA IN UNDER-FIVES weeks. We checked the proportional hazard assumptions with tests based on the scaled Schoenfeld residuals. 17 Since event specific hazard rate estimates for pneumonia can be unreliable for greater than 4 events, we did not include more than 4 pneumonia events for 48 children (3%). 14 We calculated age specific hazard ratios for children aged <12 months and from 12 to 60 months because pneumonia is harder to diagnose in children aged <12 months who also suffer from higher mortality. We calculated the population attributable fraction (PAF), i.e. the proportion of pneumonia episodes due to diarrhoea, using the formula PAF ¼ p* (HR-1)/HR, where p is the proportion of cases exposed and HR the adjusted hazard ratio. 18, 19 We also calculated confidence intervals around the PAF across intervention groups. 20 We used STATA 10 (StataCorp LP, College Station, TX) to conduct the statistical analyses.
Ethical considerations
In the original study the heads of households provided informed consent and ill children were assessed by fieldworkers and referred to the appropriate level of health care. The study protocol was approved by HOPE's Human Research Review Board and CDC's Institutional Review Board (protocol number 3348). This secondary analysis posed no additional ethical considerations.
Results
This analysis included 873 participating households with children <5 years of age. There were 553 children in 290 households in the antibacterial soap group, 556 children in 289 households in the plain soap group and 525children in 294 households in the control group, contributing a total of 63 161 person-weeks. Of these weeks, 88%were not preceded by any diarrhoeal episode within the previous 2 weeks. The incidence rate for diarrhoeal illness was higher than the incidence rate for pneumonia (2.8 episodes/person-year vs 0.9 episodes/person-year) ( Table 1) .
Among the study children, 23% had diarrhoea in the 2 weeks prior to their pneumonia onset (Table 2) . Any diarrhoea within 2 weeks of pneumonia onset was associated with an adjusted hazards ratio of HR ¼ 1.31 (95% CI: 1.12-1.54).
Every additional day of diarrhoea during the 2 weeks preceding the index week increased the adjusted hazard ratio of pneumonia by a factor of 1.06 (95% CI: 1.03-1.09) (Figure 1 ).This association was adjusted for age, sex, weight-for-age Z-score, parents' literacy, income and soap group. The adjusted hazard ratio of pneumonia was 1.04 (95% CI: 1.03-1.06) with every additional day of diarrhoea in the preceding 4 weeks adjusted for the same confounders. Inclusion of weight-for-age Z-scorein the model, a measure of nutritional status, did not change this association for either of the time frames. Additionally, controlling for which month each pneumonia episode occurred in did not alter the estimated hazard ratio.
The age specific adjusted hazard ratio of pneumonia for children aged <12 months was higher at 1.09 (95%CI: 1.02-1.17) for every additional diarrhoea day in the past 2 weeks, whereas for children in the age group of 12-60 months it was 1.05 (95% CI: 1.03-1.09). This risk was not elevated in our estimates for the 4-week time frame: 1.03 (95% CI: 0.98-1.09) for <12-month-old children and 1.04 (95% CI: 1.03-1.06) for children 12-60 months of age.
Children with a history of diarrhoea preceding their episode of pneumonia had a similar duration of pneumonia (5.8 days) compared with children whose pneumonia episodes were not preceded by diarrhoea (5.7 days).
The combined estimated population attributable fraction was 0.23*0.31/1.31 ¼ 0.056. The population attributable fractions were higher in soap groups compared with the control group ( Table 2) .
Discussion
These results support the hypothesis that diarrhoea increases the risk of pneumonia in children <5 years of age during the 2-4 weeks following an episode of diarrhoea. The increased hazard ratios for pneumonia following episodes of diarrhoea for 5 Both Pakistan and Ghana had weekly household visits and included children aged <6 months. Brazil's household visits were more frequent, three times per week, and excluded children aged <6 months (Table 3) .
There was a 4-fold difference in the population attributable fraction between Ghana (26%) and Pakistan (6%) ( Table 2 ). This difference likely reflects the difference in both the incidence and longitudinal prevalence of diarrhoea in the two countries. The incidence of pneumonia was eight times higher in Pakistan and the longitudinal prevalence of diarrhoea was three times higher in Ghana ( Table 3 ). The much higher rate of diarrhoea in Ghana could have caused more pneumonia and so produced the observed higher population attributable fraction. The hazard ratio in Pakistan and Ghana were similar, so if we had observed a longitudinal prevalence of diarrhoea in Pakistan similar to what was seen in Ghana we would expect to see a comparable attributable fraction. In addition, the definition of diarrhea in the Ghanaian study was according to the mother's definition, which is less restrictive than the WHO definition (Table 3 ). This may also account for the higher incidence and longitudinal prevalence in Ghana and the lower population attributable risk in Pakistan.
The densely populated urban settlements in Pakistan may better support transmission of respiratory pathogens than the rural Ghanaian context. Additionally, the lower incidence of pneumonia in Ghana may be because Schmidt et al. used a more specific case definition that included danger signs, such as chest in-drawing and stridor, indicative of severe acute lower respiratory illness. We used the more sensitive, less specific WHO case definition for pneumonia, which may classify some children as having pneumonia who would not meet the criteria used by Schmidt et al. 21 (Table 3 ). In addition, there may have been nutritional differences since the Ghana site was chosen for a high prevalence of vitamin A deficiency, which has been associated with an increased risk for both diarrhoeal and respiratory illness. 22 Malnutrition prevalence was higher in Ghana and Pakistan than in Brazil (Table 3) . Malnourished children also have a greater incidence and increased duration and severity of diarrhoeal diseases. [23] [24] [25] [26] Other biological factors contributing to this increased risk include compromised immune responses or micronutrient deficiencies such as zinc and vitamin A in children with marginal [27] [28] [29] The timing of our anthropometric measurements did not allow us to assess if the observed diarrhoeal episodes were associated with acute deteriorations in anthropometric indices, but we would expect children to have lower nutritional stores of many nutrients following episodes of diarrhoea. Dehydration caused by diarrhoea may also increase the risk of respiratory illnesses. 30 The increase for risk of pneumonia following episodes of diarrhoea in Pakistan is consistent with results from a prospective case control study in 2001-2002 of children aged <5 years in Israel, that found that 51 diarrhoea episodes between 8 and 31 days before the enrolment was associated with community acquired alveolar pneumonia. Their results also emphasized that poor nutritional status, detected through anthropometric measurements, increased the risk of pneumonia in children.
Our calculation of the population attributable fraction suggests that 6% of the pneumonia cases in children <5 years old in this population could have been avoided if the diarrhoeal illness of children had been prevented. Our findings are consistent with several observational studies that have noted reductions in child mortality from pneumonia after safe water interventions. 31 The Mills-Reincke phenomenon suggests that for every diarrhoeal death from waterborne diseases prevented, additional pneumonia-related infant deaths were averted. 31 Increased rates of hand washing in the soap groups could have minimized transmission of pathogens through respiratory droplets and feco-oral routes, which led to reductions in the proportion of both diarrhoea and pneumonia.
The population attributable fraction was higher in the soap groups compared with the control group, driven by the increased hazard ratio of pneumonia following diarrhoeal episodes in soap groups. Hand washing with soap has two mechanisms for preventing pneumonia. First, washing hands with soap removes respiratory pathogens and so directly interrupts transmission. 32, 33 Second, hand washing with soap reduces incidence of diarrhoea and this diarrhoea prevention reduces the subsequent development of pneumonia. One interpretation of our observations is that hand washing with soap was primarily acting through the pathway of directly interrupting transmission. Once those episodes were removed, the remaining pneumonia episodes were more likely to be mediated through increased susceptibility from diarrhoea. It suggests that the two pathways are largely independent. This study has several limitations. Schmidt et al. employed definitions for pneumonia that would identify respiratory illness that was more severe than the definition used in the Karachi Soap Health Study. We did not find evidence that this difference affected our population attributable fraction since the mean number of days of illness with pneumonia, a proxy for severity of respiratory illness, was similar in groups with and without recent diarrhoea. However, the WHO definition is prone to misclassification and may have lowered the precision of our estimates. 21 We cannot directly compare out findings with Coles et al., because they used a more specific diagnostic tool to enrol community acquired alveolar pneumonia in a hospital setting into their study, which possibly detected more severe pneumonia cases. There is evidence that diarrhoea is underreported beyond 48 hours, which could have reduced our diarrhoea incidence estimations. 34, 35 However, both Ghana and Pakistan also reported diarrhoea on a weekly basis.
Our methodology differed from that used by Schmidt et To account for seasonality, we included the month of each pneumonia episode in the regression model. However, controlling for the month of each pneumonia episode did not alter the estimated hazard ratios. Moreover, immune responses to previous pneumonia episodes, which may influence the risk of consequent pneumonia in a child, may be better accounted for in the PWP-GT than the PWP-CP model. These data suggest that in a setting where there is a high incidence of malnutrition, episodes of diarrhea increase the risk of pneumonia in the subsequent 2-4 weeks in children aged <5 years. Efforts to achieve millennium development goal 4, to reduce child mortality by two-thirds by 2015, focus on pneumonia, the dominant cause of child mortality. Strategies include vaccination, nutrition, reducing environmental pollution and case detection and management. 36 In light of our findings, preventive interventions targeting diarrhoea are of even higher importance than that captured by their effectiveness in preventing diarrhoea, because they could have a multiplier effect on disease reduction in children aged <5 years. Zinc treatment for acute diarrhea, which reduces the duration and severity of acute diarrhoea and reduces the risk of subsequent infections including pneumonia, should be encouraged. 37, 38 Health communication messages for caregivers could alert them to signs of pneumonia, especially for those children aged <5 years who have recently experienced an episode of diarrhoea, and encourage prompt care seeking.
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